Abstract During a recent multi-center trial assessing gadolinium (Gd)-enhanced magnetic resonance angiography (MRA) for diagnosis of acute pulmonary embolism (PE), the Food and Drug Administration announced a risk of nephrogenic sclerosing fibrosis in patients with renal insufficiency who had received intravenous Gd-based MR contrast agents. Although no patients in this trial had renal insufficiency, in cautious response to this announcement, the trial protocol was changed from an intravenous administration of 0.2 mmol/Kg of a conventional Gd-based MR contrast agent to 0.1 mmol/Kg of gadobenate dimeglumine. The study described herein compares the signal quality of pulmonary MRA performed with double dose conventional agent to single dose gadobenate dimeglumine. This study is a retrospective analysis of data from a prospective, multicenter study in men and women C18 years with documented presence or absence of PE. The study was approved by the Institutional Review Board at all participating ClinicalTrials.gov Identifier: NCT00241826. 
centers, and all patients provided written indication of informed consent. We performed both objective and subjective analysis of pulmonary artery image quality. Signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) in the main pulmonary artery were assessed in single and double dose protocols and compared. SNR and CNR of the main PA were correlated with subjective quality assessment of main/lobar, segmental and subsegmental pulmonary arteries. Although there were individual outliers, both SNR (P = 0.01) and CNR (P = 0.008) were higher in all quartiles for examinations using gadobenate dimeglumine than with gadopentetate dimeglumine. Subjective quality of vascular signal intensity at each vessel order was significantly better for gadobenate dimeglumine (P \ 0.0001), and correlated well with SNR and
Introduction
The Prospective Investigation of Pulmonary Embolism Diagnosis-III (PIOPED III) is a prospective, NIH-funded, multicenter cohort trial performed to assess the accuracy of gadolinium (Gd) -enhanced magnetic resonance angiography (MRA) for the detection of acute pulmonary embolism (PE) [1] . During the performance of PIOPED III, the Food and Drug Administration (FDA) announced a risk of nephrogenic sclerosing fibrosis (NSF) for patients receiving gadolinium-based MR contrast agents [2, 3] . To date, NSF has occurred only in patients with renal insufficiency, usually on dialysis. It is a rare condition of skin thickening and tightening. In some cases, the skin thickening is so severe that it inhibits the flexion and extension of joints, resulting in contractures. Severely affected patients may be unable to walk, and in rare cases, internal organs may be affected, resulting in death [3] .
While gadolinium-based intravenous MR contrast agents are contraindicated in patients with severe renal failure, patients with a glomerular filtration rate (GFR) above 30 but less than 60 ml/min/1.73 m 2 may still be candidates for MR angiography. In addition, a single dose of a gadolinium-based MR contrast agent is not nephrotoxic in comparison to the dose of iodinated CT contrast required for pulmonary CT angiograms [4] [5] [6] .
Standard protocols for pulmonary MR angiography have suggested a double-dose (0.2 mmol/Kg) [7] and sometimes even a triple dose (0.3 mmol/Kg) [8, 9] of a gadolinium-based MR contrast agent in order to maintain adequate signal within the pulmonary arteries. At the time of the NSF risk announcement, per the request of our Data Safety and Monitoring Board (DSMB), and in order to demonstrate feasibility of performing pulmonary MRA with a reduced contrast load, we changed our protocol from a double dose (0.2 mmol/Kg) conventional gadolinium-based MR contrast agent to a single dose (0.1 mmol/Kg) gadolinium based MR contrast agent of a higher relaxivity [10] . In the publication of the original trial data, it was noted that the SNR and CNR was better in the MRA examinations performed with gadobenate dimeglumine [1] . This manuscript is a formal analysis of the SNR and CNR data, and a description of the protocols used.
Methods
There were 450 patients examined by MRA in the PIOPED III study across all centers [1] (Table 1) were included in this study. Patients receiving gadodiamide or gadoversetamide were not included. The relaxivity and gadolinium concentration of gadobenate dimeglumine and gadopentetate dimeglumine is included in Table 2 [11].
The study was approved by the Institutional Review Board at all participating centers, and all patients provided written indication of informed consent. In all patients, pulmonary Gd-MRA was performed using a 3D gradient recalled echo (GRE) sequence in the coronal plane using the following parameters: minimum TR (TR B 6.6 ms), and minimum TE (B2.3 ms), flip angle = 20°-40°, approximately 384 by 288 matrix, 40 cm field of view, bandwidth 380-1,500 Hz/pixel, single acquisition/ number of excitations (NEX), 3 mm slice thickness (interpolated to 1.5) and at least 44 (88 interpolated) slices or sufficient to cover the anatomy. Parallel imaging was used in most patients, with breath-hold ranging from 14 to 22 s.
In all patients receiving gadopentetate dimeglumine, contrast was administered intravenously at a rate of 3 ml/s via a commercially available MR-compatible power injector, and timed to enhance the main pulmonary artery. In patients receiving gadobenate dimeglumine, because of the lower contrast volume, contrast was administered intravenously at a rate of 2 ml/s. The contrast injection was followed by a flush of 15 ml normal saline injected at the same rate. The scan delay, allowing peak contrast enhancement at the center of K-space, was calculated using a test bolus.
SNR and CNR calculation
Signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) calculations were made using standard calculations [12] . Signal in the pulmonary arteries was determined by placement of a circular region of interest (ROI) of approximately 400 mm 2 placed in the main PA by the MR technologist or radiologist at the recruiting center. For the SNR, mean signal in the PA was divided by the standard deviation of signal in adjacent nonvascular lung. For CNR, mean signal in the adjacent non-vascular lung was subtracted from the signal in the main PA. This difference was divided by the standard deviation of signal in adjacent non-vascular lung.
Subjective quality analysis by artery order During the original PIOPED III central reader interpretation, central readers were asked to grade the quality of vascular opacification (i.e., signal intensity) in the main and lobar arteries, segmental arteries, and subsegmental arteries as either good, fair or poor. Good and fair were lumped together to allow the binary classifications of good/fair versus poor quality. The SNR and CNR of the main PA calculated was correlated to subjective quality assessment at each vessel order.
Statistical analysis
A non-parametric test was used to compare SNR and CNR measurements between 0.1 mmol/Kg gadobenate dimeglumine and 0.2 mmol/Kg Gadopentetate dimeglumine and the significance of any difference in SNR and CNR between the two contrast agents was calculated using a Wilcoxon two-sample test (P \ 0.05) [13] . Modified from reference [11] Int
Results
Of the 442 patients receiving either gadobenate dimeglumine or gadopentatate dimeglumine, 438 had complete pulmonary MR angiography data sets for analysis.
SNR and CNR Statistically significant differences in pulmonary SNR (P = 0.01) and CNR (P = 0.008) were found between gadobenate dimeglumine (MultiHance) and gadopentetate dimeglumine (Magnevist), with SNR and CNR higher in all quartiles for examinations using gadobenate dimeglumine than those using gadopentetate dimeglumine. The median SNR for gadopentetate dimeglumine was 30, and 38 for gadobenate dimeglumine (P = 0.01). The CNR median was 28 and 35 for gadopentetate dimeglumine and gadobenate dimeglumine, respectively, (P = 0.008). The distribution of SNR and CNR values for gadobenate dimeglumine and gadopentetate dimeglumine are shown in Fig. 1 . Although the examinations with the highest SNR and CNR values were performed with gadopentetate, SNR and CNR in each quartile were highest in pulmonary MRA examinations performed with gadobenate. In addition, the distribution of SNR and CNR was more extreme across examinations using gadopentetate and there was more SNR and CNR heterogeneity than among those examinations in which gadobenate was used. The examinations with the highest SNR and CNR values using gadopentetate were outliers.
Subjective quality analysis by artery order
Subjective quality at each vessel order was significantly better for gadobenate dimeglumine (P \ 0.0001), and correlated with calculated SNR and CNR values P \ 0.001 (Figs. 2, 3) . Fig. 1 Box-and-whisker plots show the distribution of signalto-noise (SNR) and contrast-to-noise (CNR) in pulmonary MR angiograms performed in PIOPED III. The box shows the 25th to the 75th percentile. The top of the line is the maximum and the bottom line is the minimum in the distribution. SNR and CNR values are unitless. The P values are from the non-parametric Wilcoxon two-sample test using the normal approximation 
Discussion
Although most contrast-enhanced pulmonary MRA has been performed at 0.2 mmol/Kg contrast dosing [14, 15] , this study demonstrates that 0.1 mmol/Kg gadobenate dimeglumine (MultiHance) performs at least as well as 0.2 mmol/Kg of gadopentetate dimeglumine (Magnevist), and that this lower contrast dosing of gadobenate dimeglumine can be used to obtain pulmonary MRA examinations when necessary.
Since MR angiography was first performed in the early 1990s, it has been routinely performed with twice and sometimes three times the Food and Drug Administration approved dose of gadolinium-based MR contrast agents, 0.2-0.3 mmol/Kg [14, 15] . It was felt that this dosing of contrast agent was necessary to maintain adequate SNR and CNR of the angiography images. Standard gadiolinium-based MR contrast agents have relaxivities (r1 and r2) on the order of 3-4 mmol -1 s -1 at pH and temperature plasma conditions similar to those in the human body (pH 7 and 39 C°) at 1.5T [11] . The longitudinal (r1) and transverse (r2) relaxivity of a complex are defined as the enhancement of the relaxation rates R1 and R2, respectively, induced by 1 mmol of the paramagnetic center per liter. Usually, these relaxivities are measured over a range of concentrations and are defined as the slope of the regression line of relaxation rates R1 and R2, respectively, against concentration [16] .
Gadobenate dimeglumine differs from other available gadolinium agents in terms of relaxivity. The gadobenate dimeglumine molecule interacts weakly and transiently with serum albumin, resulting in a slowing of the tumbling rate of the Gd complex, which allows for a longer rotational correlation time with inner shell water protons [11, 16, 17] . This protein binding increases both r1 and r2 of gadobenate dimeglumine in normal blood serum at body pH and temperature nearly two times for r1 and more than three times for r2 the relaxivity of other gadolinium agents such as gadopentetate dimeglumine [11] , likely allowing for the high SNR and CNR of gadobenate dimeglumine in pulmonary MR angiography despite the administration of half of the dose.
With the demonstration that higher doses of Gdbased MR contrast agents were associated with NSF in renal insufficiency patients [2] , we sought to reduce the overall contrast dose administered to patients in the PIOPED III multicenter trial.
It should be noted that the entrance of gadofosveset trisodium, an even higher relaxivity agent, into the United States market in January, 2010, and unavailable to us during the PIOPED III trial, would have potentially permitted even lower contrast dosing. The r1 and r2 of gadofosveset trisodium is 8.9 ± 2.7 and 37.6 ± 5.16 mmol -1 9 s -1 , respectively and the agent has a Food and Drug Administration single dose recommendation of 0.03 mmol/Kg [18] . This agent may be useful in pulmonary MR angiography not only because of its increased relaxivity, but also because of its increased intravascular half life. Like gadobenate dimeglumine, it interacts with serum albumin, reversibly binding, but permits an intravascular half life of up to 1 h and optimal arterial imaging out to 20-30 min, with the potential for repeat imaging in patients with suboptimal breath-holds or in the instance of a mis-timed contrast bolus [18] . Its prolonged half life also would permit optimal imaging of the lower extremity deep venous system to assess deep venous thrombosis using the same contrast bolus administered for the pulmonary angiogram.
Other pulmonary MR angiography techniques with potential of reducing MR contrast agent dose include pulmonary time-resolved imaging [19, 20] . By utilizing a small dose of contrast material (*5 ml), rapid serial scanning at reduced spatial resolution combined with subtraction of a pre-contrast mask allowed good visualization of important dynamic functional and morphological information of vasculature using an incremental dose of only 0.03-0.05 mmol/Kg of a conventional Gdbased MR contrast agent such as gadopentetate dimeglumine [19] . While this method was available at the time of the initiation of the PIOPED III trial (2005), the spatial resolution was relatively low and the sequence was considered unacceptable for use pulmonary embolism assessment. More recent advances in the technique permit in-plane spatial resolution on the order of 1.3 9 1.8 mm 2 , and z-axis resolution of 3 mm [20] . An additional method yet to be assessed in the pulmonary embolism patient population is steady-state free precession MR angiography methods coupled to free breathing navigator techniques. This method has been used in aortic vascular imaging and has the potential to provide high SNR pulmonary artery images without the use of an intravenous Gd-based contrast agent [21] .
Limitations of this study include the retrospective analysis, and the disparate sample size of the examinations performed with the agents (gadobenate dimeglumine n = 297; gadopentetate dimeglumine n = 63). The difference in sample size of the studies performed with the two agents, however, was unavoidable given the reason for the modification of dosing in the midst of an on-going multicenter trial.
The results of this study are supported by similar findings in prospective, cross-over comparison studies of gadobenate dimeglumine and gadopentetate dimeglumine for MR angiography of peripheral arteries [22, 23] . In one study [22] , 0.1 mmol/Kg dosing of both agents, demonstrated significantly better contrast enhancement of MR angiograms performed with gadobenate dimeglumine. In the second study [23] , 0.1 mmol/Kg dosing of gadobenate dimeglumine showed better SNR and CNR within the aorta in comparison to 0.2 mmol/Kg dosing of gadpentetate dimeglumine, however, higher SNR and CNR were not statistically significant at all measured levels.
In conclusion, because of agent high relaxivity, a single dose of gadobenate dimeglumine provides better pulmonary MRA signal quality than double dose of gadopentetate dimeglumine. This allows for lower dosing of a gadolinium-based MRI contrast agent with one of the better safety records in terms of NSF. This knowledge may be of significance in determining the contrast-enhancement protocol in patients at risk for NSF if MR angiography must be performed.
